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Abstract—Process-induced stress and its deleterious effects on
interconnect reliability become increasingly severe as current den-
sities escalate at scaled geometries. Accurate and reliable mea-
surements of stress are paramount to understand the failure
mechanisms in advanced interconnect schemes, the control of
process technologies, the integration of new materials, and the
reliability-driven architecture design. An analytical model of a
recently developed passive strain sensor that is suitable for predict-
ing process-induced stress in advanced interconnect technology
is presented. This passive strain sensor is scalable for future
interconnect geometries predicted by the International Technology
Roadmap for Semiconductors. The model is developed using com-
plementary energy principles and is compared against the avail-
able experimental data on aluminum interconnect. Agreement
between the model and the experiment is shown to be within 5%.
The use of the developed model enables critical design parameters
to be identified and optimized for any level of stress. Furthermore,
as the model is scalable, it will facilitate the design of such sensors
for future interconnect geometries.
Index Terms—Interconnect, reliability, strain, stress.
I. INTRODUCTION
THE EFFECT of process-induced stress on interconnectreliability is a major concern in the manufacture of in-
tegrated circuits (ICs) resulting in track failure due to stress
migration and the onset of electromigration. While the use of
X-ray diffraction is widespread, its usefulness is compromised
by the small lateral dimensions of interconnect features.
Developments in X-ray optics have facilitated the measure-
ment of tracks down to 1 µm [1], but with the trend toward
smaller IC critical dimensions, there is a requirement for in-
terconnect track widths and thicknesses of dimensions on the
order of 100 nm (predicted to be 45 nm in 2010 and 14 nm in
2020) [2].
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As feature sizes reduce with each new technology generation,
the effect of process-induced stress on interconnect reliability
will become more pronounced. The measurement of process-
induced stress will therefore be imperative for the successful
fabrication of state-of-the-art ICs.
Passive sensors for monitoring residual strain have been
used by the microsystems industry for the last decade and
provide a scalable means of predicting the state of stress in
interconnect tracks [3]–[6]. As the importance of process-
induced stress in ICs increases with reducing feature sizes,
accurate measurement of the state of stress in interconnect
tracks immediately after processing is becoming essential. The
rotating strain sensor has been successfully used to monitor
the state of stress in MEMS components and also recently in
the aluminum interconnect of ICs [7], [8]. Its simple structural
form and passive nature make it easy to integrate its fabrication
with that of the interconnect track and CMOS process.
The sensitivity of the rotating strain sensor and also the
measurement range depend upon its geometry. To enable the
strain in the interconnect lines to be measured with the required
level of accuracy, the sensor geometry must be optimized. In
this paper, a parametric study of the rotating strain sensor
is conducted through the use of an analytical model derived
from complementary energy principles. Analytical techniques
provide an insight into the critical device parameters not
available by finite-element analysis alone. The results of the
model are compared with those of an experimental study of
the sensor performed on aluminum interconnect. The model
permits the optimum sensor dimensions to be determined for
different stress levels, and thus, design forms may be specified
for different levels of stress. Furthermore, the model may be
adapted to alternative materials, for example, copper, and is
scalable for future technologies.
II. STRUCTURAL ANALYSIS
The rotating strain sensor, as shown in Fig. 1, is composed
of three straight beams, of constant rectangular cross section of
width b and thickness d, which are connected so that the center-
lines of adjacent beams are set perpendicular to each other. To
ensure beam behavior of the component beams comprising the
sensor, the aspect ratio of the cross section is constrained to lie
within the range d/b ≤ 10 [9]. Such cross sections are typical of
those employed in present and future back-end-of-line (BEOL)
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Fig. 1. Three-dimensional schematic of rotating strain sensor. The metal
structural layers comprising the sensor and also the layer forming the supports
for the sensor are shown.
Fig. 2. Plan view of the rotating strain sensor. The geometrical parameters of
the rotating strain sensor are defined. The three straight beams are of constant
rectangular cross section and are connected so that the centerlines of adjacent
beams are set perpendicular to each other. The important cross sections of the
substructure of the sensor are shown and labeled as cross sections 1, 2, and 3.
technology according to the International Technology Roadmap
for Semiconductors (ITRS). The fabrication process for the
strain sensor is CMOS compatible and is described in detail in
[7] and [8]. The metal layer of interest acts as the structural
material used to form the sensor. The underlying intermetal
dielectric fully constrains the sensor during processing. Upon
removing the dielectric layer constraining the sensor, the sensor
deforms due to the residual strain in the metal layer caused
largely by thermal expansion mismatch. This results in the
displacement of the pointer. The sensor is in a state of plain
stress. Fig. 2 shows the geometry of the metal layer of the
sensor. Anchors formed from the intermetal dielectric provide
the connection to mechanical ground and are assumed to fully
constrain the sensor at locations A and E. This assumption
may be modified for elastic supports if the stiffnesses of the
supports are known. Therefore, due to the constraining nature
of the anchors, the sensor may be used to predict the residual
stress in the metal layer. Fig. 3 shows an electron micrograph
of a fabricated sensor prior to the release.
The degree of deformation is determined by the structural
flexibility of the substructure ABCE, which is statically inde-
terminate to the third degree [10]. As a result of the residual
strain in the structure when released, reactions are generated
Fig. 3. SEM of the rotating strain sensor prior to the release, with b = 2 µm,
L1 = 140 µm, and L4 = 4 µm.
at the fixed supports located at points A and E. However, as
the substructure is statically indeterminate, the three redundant
reactions cannot be determined from static equilibrium equa-
tions alone, and displacement must be considered. An efficient
method of determining the displacement in statically indetermi-
nate structures is provided by the Crott–Engesser theorem [11].
In this theorem, the complementary energy of the substructure
is described as a function of the redundant reactions. The dis-
placement compatibility equations are obtained by application
of the theorem, which can be solved for the unknown redundant
reactions. Using complementary energy instead of strain energy
in the displacement analysis has the distinct advantage that
nonlinear constitutive elastic relations are still valid. Therefore,
the method developed is readily applicable to any material, for
example, copper or polysilicon, once the stress–strain relation-
ship has been determined.
The displacement of the pointer is determined by the dis-
placement components of point C. Previous experimental re-
sults described in [12] and [13] have shown the aluminum
interconnect to behave linearly elastically at the track widths
and thicknesses of interest; thus, the calculation of the strain
energy of the substructure ABCE is sufficient in the appli-
cation of the Crott–Engesser theorem. In order to maintain
static equilibrium, the reactions generated at A result in ax-
ial and shear stress components acting in the plane of the
sensor. The stress components acting over any cross section
constitute the bending moment, axial force, and shear force [9].
By considering the static equilibrium conditions for each beam
in the substructure in turn, and subsequent application of the
Crott–Engesser theorem, the reactions at A and the displace-
ment of C may be determined. The analysis illustrating the ap-
plication of the Crott–Engesser theorem is provided in the Ap-
pendix. For designs where the component beams have lengths
that are greater than five times the width, the bending strain
energy contributes over 90% of the total strain energy [14].
In the Euler–Bernoulli beam theory, the total strain energy
is assumed to be equal to the bending strain energy. How-
ever, as the beam length shortens in relation to its width, the
contribution to the total strain energy from shear strain energy
increases [11]. In the design analysis that is to be discussed
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later, the ratio of the component beam length to the component
beam width approaches unity in some instances, and in this
case, the shear strain energy will be comparable with the
bending strain energy. Therefore, in the analytical model, the
total strain energy is calculated from the bending, shear, and
axial strain energies and removes the restriction on the beam
geometry that would be imposed otherwise.
A. Effect of Residual Strain
The effect of residual strain in the substructure when re-
leased from its supports at A is to cause a displacement p as
described by
p = εt (1)
where
t = (0, 2L1, L4)T.
As outlined in the Appendix, the displacements s and q of
points C and A may be expressed as
s = [D]R q = [C]R (2)
where s = (s1, s2, s3)T, q = (q1, q2, q3)T, and R =
(M,N, V )T. Matrices [D] and [C] are the flexibility matrices
at the respective points with respect to the reaction vector R.
The compatibility of displacements at point A requires the
condition
q − p = 0. (3)
Equations (1)–(3) yield the expression for the reaction vector
R = [H]p, where [H] = [C]−1 (4)
and also the displacement of point C on the pointer
s = ε[D][H]t. (5)
The displacement of point C described by (5) shows that s
consists of three components corresponding to the fictitious
loads M ′, N ′, and V ′, as shown in Fig. 4. The displacement
of the sensor has been expressed in terms of the residual strain
and flexibility. However, because the principal function of the
rotating sensor is to provide a method of predicting the stress
induced in the metallization as a result of processing, it is
convenient to express the displacement in terms of the residual
stress. This is made possible due to the constraining nature
of the anchors. Employing Hooke’s law for plane stress and
ensuring that the stress is measured in units of megapascal
yield
1
σ
s =
(
106
E ′
)
[D][H]t
where
E ′ =
E
1− υ2 . (6)
The use of (6) enables all three displacement components of
the pointer to be determined for different values of residual
stress.
B. Deflection of Point D
The displacement of point C described by. (5) shows that
there are three displacement components. However, component
s3 corresponds to the displacement that is parallel to the axis
of the pointer and, therefore, will not contribute to the lateral
displacement that is indicative of the residual strain. The lateral
deflection δ of the pointer is therefore the sum of the translation
due to s2 and the rotation of point D relative to point C
described by s1. The deflection is thus described by
δ = s2 − L2s1. (7)
For typical dimensions, L2s1  s2, and therefore, the rotation
of the pointer dominates the displacement of point D. Equation
(6) describes the sensitivity of the rotation to stress. The critical
design parameters of the sensor may then be identified and
adjusted to ensure that the expected level of residual stress will
result in optimal rotation of the pointer. Therefore, it may be
necessary to have a range of sensors optimized for different
ranges of residual stress.
III. COMPARISON OF THE THEORETICAL MODEL
AND EXPERIMENTAL RESULTS
In this section, the stress, as determined by the analytical
model, will be compared with experimental data obtained from
devices calibrated through X-ray diffraction. A thorough de-
scription of the X-ray analysis procedure and the subsequent
calibration procedure is provided in [7]. A brief outline of the
calibration procedure is provided here. Five test chips with a
silicon dioxide dielectric were selected from a single diced
wafer and were then sintered. Upon releasing the sensor by
removal of the dielectric layer, the rotation of the sensors
was measured. The stress in the five chips was then measured
using X-ray diffraction. Thus, the stress sensitivity σ/s1 of
the rotation sensor may be determined. The application of
this procedure yielded a stress sensitivity of 28 MPa/deg [7].
This provided a calibration that may be applied to subsequent
devices.
The amount of experimental data from using the rotating
sensor on aluminum interconnect is limited. Therefore, to aid
the demonstration of the validity of the analytical model, it will
be compared with experimental results from a rotating strain
sensor that is used to measure stress in polysilicon films [4].
Calibration of the stress measurement was performed in [4]
using measurements of wafer curvature.
A. Comparison With Experimental Stress Measurements on
Aluminum Films
The rotating sensor has been shown recently to be capable
of measuring process-induced stress in aluminum intercon-
nect [7], [8]. The objective of this section is to compare the
experimentally derived stress sensitivity with that predicted by
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Fig. 4. Plan view of the component beams which form the substructure of the sensor. The stress resultants at cross sections 1, 2, and 3 of the sensor are shown.
the analytical model. In addition, by varying the critical dimen-
sions from their nominal values reported in [7], the optimal
dimensions may be identified for any expected stress level. The
sensitivity of the nominal design may then be assessed and
improved. An elastic modulus of 71.5 GPa and a Poisson’s
ratio of 0.33 for the aluminum film employed in the exper-
imental device have been reported in [12], and these values
have been assumed in comparing the analytical model with the
experiment.
From the definition of flexibility matrices D and C pro-
vided in the Appendix, it is clear that the rotation of the
pointer is governed by the parameters L1, L4, and b. The
axial displacement of point A when released from its support,
due to residual strain in the structure, is proportional to L1.
Therefore, the relationship between L1 and rotation s1 will
be linear. The parameters L4 and b may then be varied, with
L1 being held constant, in order to determine the optimum
sensor geometry. To facilitate the comparison between the
experimental and theoretical sensitivities, L1 has been set equal
to 140 µm, and the film thickness d has been set equal to
1 µm, in accordance with [7]. Fig. 5 shows the residual stress
per degree of the pointer rotation, as L4 and b are varied about
their nominal values of 4 and 1 µm, respectively. The stress
sensitivity described by σ/s1 for the case where L4 = 4 µm
and b = 1 µm is shown as point A in Fig. 5 and has a calculated
value of 29.4 MPa/deg. The theoretical value is within 5% of
the experimentally determined value of 28 MPa/deg obtained
by calibration using X-ray diffraction. Because there is some
inherent uncertainty associated with the elastic modulus of the
film and an estimated error of 10% in the X-ray measurement of
stress, the agreement between the model and experiment is sat-
isfactory for design optimization purposes. For the alternative
values of L1, the sensor performance may be obtained by mak-
ing use of the inverse proportional relationship between σ/s1
and L1.
For a given measured resolution of angle, the most accurate
value of strain (and therefore stress) must maximize the rotation
of the pointer. Therefore, the sensitivity of the sensor may be
adjusted for specific ranges of stress by selection of the appro-
priate sensor geometry. Selection of the optimal dimensions is
facilitated through the use of the contour plot shown in Fig. 5.
Assuming an expected stress of 100 MPa and a measurement
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Fig. 5. Contour plot showing the sensitivity of the rotating strain sensor as width b and arm separation L4 are varied while parameter L1 is held constant.
resolution of the rotation angle of 0.1◦, the rotation of the sensor
design with dimensions corresponding to point A will be 3.4◦.
A twofold increase in the sensitivity of the stress measurement
is made possible by using dimensions b = 0.75 µm and L4 =
1.8 µm, corresponding to point B.
B. Scalability of Sensor
The increased rotation due to the reduction of feature width
is evident in Fig. 5. Furthermore, a nonlinear relationship
between the stress sensitivity and L4 is clearly evident. In
order to emphasize the importance of the feature width on
the scalability of the sensor, the rotation s1 was plotted as a
function of L4/b, for the cases where b = 1, 1.5, and 2 µm, and
is shown in Fig. 6. By reducing the feature width, the amount of
rotation may be maximized. For example, in reducing b from 2
to 1 µm, the maximum rotation of the pointer increases from
2.3◦ to 4.7◦. This trend is in agreement with the experimental re-
sults reported in [13]. Using the stress value of 73 MPa reported
in [7] for the X-ray-measured sensors using a silicon dioxide
dielectric, the analytical model predicts a rotation of 2.48◦ for
the case where b = 1 µm and L4 = 4 µm, corresponding to the
calculated stress sensitivity of 29.4 MPa/deg. The experimental
value of the X-ray-measured devices was 2.6◦ with a standard
deviation of 0.61◦, corresponding to the experimental stress
sensitivity of 28 MPa/deg. The experimental value is labeled
as point A in Fig. 6. The theoretical analysis permits the
relationship between the rotation and arm separation to be
investigated over the full range of possible arm separations.
Thus, the value of L4 resulting in the greatest stress sensitivity
may be identified. For the case where b = 1 µm, as considered
in [7], the greatest stress sensitivity occurs when L4 = 1.2 µm.
At this point, the stress sensitivity has its optimum value of
15.5 MPa/deg. It is also clear from Fig. 6 that the maximum
rotation for the three feature widths investigated occurs when
(L4/b) ≈ 1.2. For (L4/b) < 1.2, the rotation decreases rapidly
Fig. 6. Plot showing the relationship between the arm separation L4 on
rotation of pointer s1 for feature widths b = 1, 1.5, and 2 µm.
and becomes zero when L4 = 0 as expected. As the arm sep-
aration decreases, the couple formed by the axial force within
beams AB and CE decreases linearly. However, the flexibility
of the structure will increase nonlinearly, as described by the
flexibility matrices C and D.
The importance of the thickness d on the scalability of the
sensor may be inferred from the definition of the flexibility
matrices D and C. Clearly, the thickness has no effect on sensor
performance. This is expected because the deformation of the
sensor occurs entirely within its plane.
C. Comparison With Experimental Stress Measurements on
Polysilicon Films
Experimental results from the rotating strain sensor when
applied to polysilicon films are described in [4]. The rotating
strain sensor as reported in [4] has dimensions L1 = 600 µm,
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L2 = 600 µm, d = 0.5 µm, b = 4 and 6 µm, and L4 =
4−48 µm. Nanoindentation was used in [4] to determine an
elastic modulus of 155 ±10 GPa, and this value has been
assumed in the analytical model.
A comparison between the analytical model and exper-
imental data is shown in Fig. 7 for feature widths b of
4 and 6 µm. The lateral deflection δ of the pointer has
been plotted for values of L4/b, with L4 ranging from 4 to
48 µm. Calibration of the stress in the polysilicon film has
been performed using the measurement of wafer curvature,
and a film stress of 45 ± 4 MPa has been reported [4]. This
experimental error has been augmented with the measurement
error of ±10 GPa in the elastic modulus in order to draw
the shaded band corresponding to the analytical predictions.
Clearly, the analytical model predicts the experimental behavior
for values of (L4/b) > 1. The experimental data shown in
Fig. 7(b), for the case b = 4 µm, lie just outside of the theo-
retical band when L4 = 4 µm. As the ratio L4/b approaches
unity, the contribution to the total strain energy from shear
increases. The analytical model takes the shear strain energy
into account, and therefore, the reason for the discrepancy does
not lie with ratio of L4/b. However, the analytical model does
not take into account any process-induced filleting between
the component beams comprising the sensor that would be
inevitable. In the idealized structure shown in Fig. 2, the com-
ponent beams join perpendicularly. The effect of the filleting
would be to stiffen the structure and, hence, reduce the rotation
of the pointer. This effect would become more pronounced
as L4/b approaches unity and would be the primary cause
for the lower experimental deflection. Typically, (L4/b) > 1
for designs used in monitoring stress in metal interconnect.
Because some degree of uncertainty is inherent in the sensor
dimensions, the agreement between the model and experi-
ment is satisfactory. Referring to Fig. 7, the sensitivity of the
rotating sensor considered in this case is maximized when
(L4/b) ≈ 1.3.
Classical small displacement theory was assumed for the
displacement of the beams. Therefore, all quadratic and higher
order terms have been ignored in the strain expressions.
This approximation is necessary to permit closed-form
solutions. In regions of high strain, these quadratic terms would
stiffen the structure, resulting in lower deflection. The effect
of this “stress stiffening” from the quadratic terms will become
more pronounced as L4/b approaches unity and is a secondary
contributing factor to the deflection discrepancy.
IV. CONCLUSION
A structural analysis of a scalable rotating sensor used
to monitor process-induced stress in interconnects has been
conducted with the aim of providing an understanding of the
parameters that effect the sensor performance. Ultimately, this
will highlight the scalability of the sensor and its relevance to
present and future BEOL technology according to the ITRS.
The developed analytical model has been tested for aluminum,
and the results have been compared against the available ex-
perimental measurements. The model has also been compared
against experimental results obtained from polysilicon films.
Fig. 7. Comparison between experimental and theoretical δ−L4/b curves for
polysilicon. (a) b = 4 µm. (b) b = 6 µm.
Complementary energy principles have been used to estab-
lish the strain in the plane of the sensor and provide a means
of predicting the residual stress. The model may be readily
adapted to materials exhibiting nonlinear elastic properties. The
analysis identifies the critical parameters of the rotating sensor
and shows how they may be adjusted to achieve optimum
performance for a range of stress levels.
The developed analytical model permits a detailed insight
into how to optimize the geometry of the rotating strain sensor
for any expected stress level. As the model is entirely generic, it
may be readily adapted for use in other metallization schemes
and is entirely scalable.
APPENDIX
In this Appendix, a structural analysis of the statically inde-
terminate substructure forming the sensor will be described.
A. Displacement of Point C
By introducing the fictitious loads M ′, N ′, and V ′ at point
C, as shown in Fig. 4, its displacement may be determined
efficiently by using the Crott–Engesser theorem. The necessary
stress resultants may be determined by considering the static
equilibrium of the cross sections 1, 2, and 3, as shown in Fig. 2.
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Fig. 4 shows the stress resultants at the cross sections 1, 2,
and 3. The conditions for static equilibrium yield
M1 =M − V x1
M2 =M − V L1 + Nx
M3 =M − V (L1 + x3) + NL4 −M ′ + V ′x3
V1 =V
V2 =N
V3 =V − V ′
N1 =N1
N2 =V
N3 =N −N ′ (8)
where Mj , Nj , and Vj , j = 1, 2, and 3, are the bending mo-
ment, axial force, and shear force, respectively, at an arbitrary
section within each beam due to the internal stress compo-
nents. The displacement of point C is described by the vec-
tor s = (s1, s2, s3)T and may be determined by applying the
Crott–Engesser theorem described in [11]
si =
∂U ∗
∂R′i
=
∂U
∂R′i
=
m∑
j=1


βj∫
αj
Mj
EjIj
∂Mj
∂R′i
dxj +
βj∫
αj
Nj
EjAj
∂Nj
∂R′i
dxj
+
βj∫
αj
kjVj
GjAj
∂Nj
∂R′i
dxj

 (9)
where U and U ∗ are the strain and complementary strain
energies, respectively, and R′ = (M ′, N ′, V ′)T.The parameters
Aj and Ij are the area and second moment of area of the cross
section corresponding to the jth beam, respectively. Similarly,
Ej and Gj are the elastic and shear moduli of the jth beam,
respectively, and kj is the shear correction coefficient. For rect-
angular cross sections, k = 1.2 [11]. From (9), the component
s1 is clearly an angular displacement. Components s2 and s3
are displacements that are parallel to the forces N ′ and V ′. The
integration variables xj and limits αj , βj are defined in Fig. 4.
By setting M ′ = N ′ = V ′ = 0, the displacement of point C
may be expressed in terms of the reactions at point A as
s = [D]R (10)
where
R =(M,N, V )T
D11 =
−1
EI
L1 D12 =
−1
EI
(L1L4)
D13 =
1
EI
(
3L21
2
)
D21 = 0 D22 =
−1
EA
L1
D23 = 0 D31 =
1
EI
(
L21
2
)
D32 =
1
EI
(
L21L4
2
)
D33 =
−1
EI
(
5L31
6
)
.
Matrix D describes the flexibility of the substructure at
point C with respect to the vector of reactions R. In determining
the flexibility D, the component beams have been assumed to
have constant cross section and material properties throughout
their length.
B. Calculation of the Redundant Reactions
In order for the displacement s of point C to be determined,
it is necessary to calculate the three redundant reaction compo-
nents M , N , and V of vector R. By setting M ′ = N ′ = V ′ = 0,
(8) describes the conditions for static equilibrium. The reaction
vector R may also be determined by the Crott–Engesser the-
orem. The displacement components of the substructure when
released from its supports at A, due to the reactions M , N ,
and V , are given by
qi =
∂U ∗
∂Ri
=
∂U
∂Ri
=
m∑
j=1


βj∫
αj
Mj
EjIj
∂Mj
∂Ri
dxj +
βj∫
αj
Nj
EjAj
∂Nj
∂Ri
dxj
+
βj∫
αj
kjVj
GjAj
∂Nj
∂Ri
dxj

 . (11)
Equation (11) may be arranged in the form
q = [C]R (12)
where
q =(q1, q2, q3)T
C11 =
1
EI
(2L1 + L4) C12 =
1
EI
(
L1L4 +
L24
2
)
C13 =
−1
EI
(
2L21 + L1L4
)
C22 =
2L1
EA
+
kL4
GA
+
1
EI
(
L1L
2
4 +
L34
3
)
C23 =
−1
EI
(
3
2
L21L4 +
1
2
L1L
2
4
)
C33 =
2kL1
GA
+
L4
EA
+
1
EI
(
8
3L
3
1 + L
2
1L4
)
.
Matrix C defines the flexibility of the substructure at point A
with respect to the vector of reactions R. In determining flex-
ibility C, the component beams have been assumed to have
constant cross section and material properties throughout their
length.
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